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Fluorescence energy transfer (FET) is proportional to the sixth power of the reciprocal of the distance between donor and acceptor chromophores [l] . A valuable parameter in FET is h,, the distance between donor and acceptor at which the efficiency of FET is SO%, which currently is calculated assum- In studies dealing with membrane proteins, the value of 4, needs to be reassessed, because the overlap integral for a given donor/acceptor pair is dependent upon the protonation and/or upon spectral shifts of either donor and acceptor groups that occur when a dye is bound near the lipid-water interface [7] or to hydrophobic sites [XI. Because the quantum yield of a fluorophore is usually largely dependent upon its ionization state and upon the dielectric constant of its microenvironment, obtaining an accurate estimation of &, requires that the quantum yield of the donor bound to the membrane be precisely measured also.
Single donor/acceptor pair and multiple acceptors per donor
The efficiency of FET, E, which can be measured from the quenching of the intensity of fluorescence of the donor group, is given by the equation where k, and kR,] are the rates of FET for a donor/ acceptor pair separated by a distance of r and respectively. Assuming random orientation between donor and acceptor groups, eqn. 1 can be rewritten:
Because of the very steep dependence of FET upon the distance between donor and acceptor groups, when they are separated by a distance of only 2 l?), for example, the efficiency of this process decreases to -2%, assuming random orientation, and to <2% if this requirement is not fulfilled. Therefore, FE'I' can be used a priori to map functional centres in membrane proteins separated by 1-10 nm, with an error in distance estimation that can be as low as less than 1 nm. In practice, it is usually the uncertainty of the value of the orientation factor, K', that more severely limits the precision of distance measurements between a single donor/acceptor pair. When the shape of the electron-density map of the acceptor is close to a spherical geometry (for example, for cations such as Co'+ [9] ), the random orientation assumption is well justified. I Iowever, most fluorescent dyes are molecules of close to planar geometry. A useful empirical approach has been outlined to narrow the uncertainty associated with this parameter by making use of anisotropy measurements of the fluorescence of the donor [ 11. A major conclusion that can be drawn from the dependence on the acceptor's geometry of the confidence interval for distance estimations is that even for a donor group showing a highly restricted mobility when bound to a protein or to a membrane, the confidence interval is as narrow as k 15% of the value of the distance between donor and acceptor groups calculated under the assumption of random orientation. For example, for a donor whose mobility is restricted to rotation within a cone of semiangle 40" (such that the steady-state anisotropy value is close to 50% of the anisotropy value of the donor in glycerol), the confidence interval with 80% probability of occurrence is (0.8-1.1)h) in the absence of any motion of the acceptor. Most of the fluorescent labels used so far with membrane proteins show at least this level of rotational mobility, and this will be further illustrated below.
As indicated above, eqn. 1 is valid only for the case of a single donor/acceptor pair. However, the highly packed structure of lipids and proteins in biological membranes largely restrict its use in studies dealing with these subcellular organelles, because of the high surface concentrations of donors and of acceptors that are currently attained. Under these experimental conditions, the fluorescence emitted by a given donor can be absorbed by all the acceptors located within the distance range allowing for energy transfer. The overall efficiency of FET, E,,., will then be the sum of the energy transfer between all the possible donor/ acceptor pairs that can be formed in the membrane In addition, a major advantage of having multiple acceptors per donor, and donor and acceptors located in different molecules in the membrane, is that the uncertainty of distance estimation arising from the orientation factor tends to vanish, because time and space averaging of different orientations should lead to a distribution close to a random orientation between donor and acceptors [ 1 11.
Distance of functional sites in membrane proteins to the lipid-water interface
The measurement of the distance between functional sites in membrane proteins and the lipidwater interface is a necessary step towards the rationalization in molecular terms of voltagedependent membrane functions, e.g. transport, recognition, etc. The basic experimental and 
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theoretical FET approach to locate functional sites in membrane proteins with respect to the lipidwater interface has been described in detail elsewhere [ 3 ] , and it has been applied to the location of the ATP and Ca2+ sites of the Ca2+,Mg2+-ATPase from sarcoplasmic reticulum [3, 13] and of haem and flavins in the cytochrome P-450/cytochrome P-450 reductase system [S] . The basic problems that have to be dealt with will be illustrated below with references to the distance between the ATP site of Ca'+,M$+-ATPase and the lipid-water interface.
Because the experimental design is based upon FET from one donor to multiple acceptors, particular care has to be taken to correct for the membrane surface not accessible to the acceptors, i.e. that surface occupied by protein particles (see Figure 1 ). This can be done as indicated in [ 3 ] and requires that the average size of the membrane protein be obtained by independent experimental methods, such as image reconstruction from electron-microscopy photographs, X-rays or neutron diffraction. Perturbation by neighbouring protein particles of the membrane surface that are effectively contributing to FET decreases as the lipid/protein ratio increases, because of dilution of proteins in the lipid bilayer. For a protein of near cylindrical shape of an average diameter of Snm, like the Ca2+,Mgzf-ATPase, and for donor/acceptor pairs of &) = 5.0-5.5 nm (fluorescein/rhodamine derivatives), it can be shown that the surface area perturbation by neighbouring protein particles vanishes at lipid/protein molar ratios greater than 200:1, and accounts for 5-10% reduction of FET efficiency at a lipid/protein molar ratio of 100: 1 (see Figure 3 of [3] ). In this particular case, neglecting this effect introduces into the distance calculations a systematic error of -1 nm. However, more significant is the systematic error introduced by neglecting the perturbation of the surface area of the membrane by the protein unit in which the donor is located, a surface area which is not accessible to labelled acceptor lipids. Depending upon the exact position of the label in a protein of an average diameter of 5 nni, this introduces a systematic error in distance estimation of 2-3 nm, which is independent of the lipid/protein molar ratio insofar as the aggregation state of the protein is not altered.
Because the calculation of distances using FET is based upon the ruler provided by for a given donor/acceptor pair, any error in this parameter clearly introduces errors in the measured distance. As indicated above, changes of the quantum yield and of the emission spectra of the donor upon binding to a membrane protein will produce changes of the 4, value, even for the same donor and acceptor groups. Fluorescein covalently attached to the ATP site in the Ca2+,MgL+ -ATPase has a quantum yield of 0.60 at pH 7.0-7.5 [14] , which is lower than that of the dianionic form of 
Mapping intramonomeric location of sites
Studies that aim to locate functional sites with respect to each other in the monomer of a membrane protein using FET have steadily increased in number during the past few years [6, 9, 13, . The experimental approach involves labelling two different sites in the protein, one with a donor molecule and the other with the acceptor, and the use of reconstituted membranes, unless the protein under study accounts for the vast majority of membrane protein accessible to chemical modification, as is the case for the CaL+ ,M$+-ATPase of sarcoplasmic reticulum from skeletal muscle. The analysis of the experimental data should be done cautiously, as the assumption of a single donor/acceptor pair is incorrect unless very restrictive conditions are accomplished, e.g. an &) value much less than half 
the width of the protein [9] or, alternatively, a homogeneous distribution of monomeric membrane protein and a large lipid dilution of protein monomers. Figure 2 clearly illustrates this point. The calculations have been made for a homogeneous distribution of protein (monomers and dimers) of an almost cylindrical shape of 5 nm diameter in a native or reconstituted membrane with a lipidlprotein molar ratio of 100:1, a value close to that found in most biological membranes [21] . The data show that the calculation of distances between sites within the monomer of a membrane protein of a cross-sectional diameter of 5 nm based only from FET efficiency measurements is largely speculative in most cases in native biological membranes. Because the contribution of FET to acceptors bound to neighbour protein monomers is highly dependent upon the lipid/protein molar ratio because of dilution of proteins in the lipid bilayer, reliable estimations of distances between functional sites in a protein monomer could a priori be obtained for any donor/acceptor pair with membrane proteins reconstituted with high lipid/protein molar ratios. In practice, however, the determination of the aggregation state of a protein in the membrane (native or reconstituted) is technically difficult, and the increase of light scattering of samples prevents one from working far beyond a lipidlprotein molar ratio of 1OOO:l. Therefore, the uncertainty in calculations of distances between functional sites in a protein monomer from measurements of FET efficiency remains high, unless the aggregation state of the membrane protein can be demonstrated to be monomeric in the samples used for fluorescence measurements. 
Introduction
The integration and summation of cellular metabolic and mechanical activities in tissues and organs involves the mediation of gap junctions: arrays of intercellular channels that connect the cytoplasms of interacting cells and allow transfer of small molecules and ions. Gap junctions are generally considered to facilitate, for example, propagation of action potentials in cardiac myocytes [ 1, 2] and Ca2+ oscillations in tracheal epithelial and glial cells [3, 4] . On a longer time scale, strong evidence is accruing that gap junction-mediated communica-
